Cystine accumulation and loss in normal, heterozygous, and cystinotic fibroblasts (nephropathic cystinosis/amino acid storage/lysosomes)
ABSTIRACT. Cystinotic fibroblasts contain approximately 100 times more free cystine than do normal control fibroblasts. When cystinotic fibroblasts were placed'in the-presence of 30 mM cysteine-glutathione mixed disulfide (CSSG) for 24 hr, their cystine content increased about 3-fold. Similar treatment of normal fibroblasts and fibroblasts from patients heterozygous for cystinosis resulted in a 6-to 7-fold increase in cystine content. In all three cell types, the intracellular free cystine is located within lysosomes. When placed in cystine-free mediumafter 24 hr in CSSGcontaining medium, the normaland heterozygous fibroblasts rapidly lost their lysosomal cystine It1 2 20 min),, but the cystine content of the cystinotic cells remained stable for over 90 min. In contrast to the findings in intact fibroblasts, cystine loss could not be demonstrated from isolated, cystine-loaded lysosomes from any of the three cell types.
Protein degradation is a major source of lysosomal cystine in cultured skin fibroblasts from patients with nephropathic cystinosis (1) . The cystine content of these cells, which is almost 100 times higher than that in normal control fibroblasts (2) , can be increased further when high concentrations ofdisulfide-containing proteins are added to the culture-medium (3) . Studies of nonprotein sources of cystine in culture medium have been limitedby the relative-insolubility ofcystine. The reduced form of this amino acid, cysteine, is much more soluble, but it oxidizes rapidly and has been reported to be toxic to cultured cells (4, 5) .
In this study, the mixed disulfide ofcysteine and glutathione (CSSG) was investigated as a soluble source of cyst(e)ine (cystine, cysteine, or both) for cultured cells. We found that high concentrations of this compound increased the cystine content of not only cystinotic fibroblasts but normal and heterozygous (for cystinosis) fibroblasts as well. Using this technique, we studied cystine-loaded cells and lysosomes from each cell type.
METHODS
Cell strains were established from 3- Cystine determinations were performed by using a cystinebinding protein assay (7) . f3-N-Acetyl-D-glucosaminidase, a lysosomal marker, was determined fluorometrically (8) . Lysosomal latency studies were performed by spectrophotometric measurement of -hexosaminidase, using apyridine buffer with and without the presence of0.2% Triton X-100 (9). Protein concentrations were determined colorimetrically (10) .
Chloroquine,. cysteamine, L-cystine, EDTA, N-ethylmaleimide, glutathione and oxidized glutathione, glutathione reductase, NADPH, and Triton X-100 were obtained from Sigma. 4-Methylumbelliferyl-2-acetoamido-2-deoxy-(-D-glucopyranoside and 4-methylumbelliferone were obtained from Koch, Light Laboratories (Buckinghamshire, England). Triethanolamine and 97% formic acid (3% H20 by HRPLC) were obtained from Eastman. H202 (30%, wt/wt) was purchased from Mallinckrodt, and Dowex 1X8 anion-exchange resin was purchased from Bio-Rad. L-['S]Cystine (119. mCi/mmol; 1 Ci = 3.7 x 1010 becquerels) was obtained from Amersham.
Cystine thiosulfonate was prepared according to the method of Emiliozzi and Pichat (11) and was used to synthesize the mixed disulfide of cysteine and glutathione. The disulfide was purified with a Dowex 1X8 formate column (12) . L-['S]Cystine was used in the synthesis of cystine thiosulfonate in order to prepare the radiolabeled disulfide of cysteine and glutathione (C35SSG).
Prior to' incubation with 2 mM C35SSG, cell homogenates were prepared in 10 mM potassium phosphate buffer, pH 7.0. At intervals during the incubation, samples were allowed to react with N-ethylmaleimide and then precipitated with sulfosalicylic acid. The acid-soluble fiactions were analyzed after separation by high-voltage electrophoresis (13) . Normal fibroblasts and fibroblasts heterozygous for cystinosis were loaded with cystine by placement for 24 hr in culture medium containing 30 mM CSSG. Cystinotic fibroblasts were initially depleted of their cystine by a Ishr exposure to 2 mM cysteamine in cystine-free, serum-free medium. The medium was then removed and the plates of cells were washed with phosphate-buffered saline. The cystinotic fibroblasts were then loaded with cystine by placement for 30 min in medium containing 30 mM-CSSG. At other times, cystinotic fibroblasts were placed for 24 hr in medium with 30 mM CSSG without prior exposure to cysteamine.
Cell, fractionation was performed by modification of the method described by Harms et al. (14) . Either dishes or roller bottles of cells were rinsed with phosphate-buffered saline (15) at 40C and then scraped with a rubber policeman. The cells were collected, centrifuged, rinsed in 10 mM triethanolamine/0.25 M. sucrose, pH 7.0, and then lysed by repetitive pipetting in 0.5 ml of the same buffer containing 1 mM EDTA. Nuclear, Abbreviation: CSSG, mixed disulfide of cysteine and glutathione. 4442 Thepublication costs ofthis article were defrayed in part by page charge payment. This article must -therefore be hereby marked "advertisement" in accordance with 18 U. S. C. §1734-solely to indicate this fact. granular, and soluble cellular fractions were prepared by differential centrifugation (14) . A portion of each cellular fraction was assayed for N-acetylglucosaminidase activity. The fractions were then lysed by freeze-thawing, allowed to react with Nethylmaleimide, precipitated with acid, and assayed for cystine content. Protein was dissolved in 0.1 M NaOH prior to assay. Glutathione was measured spectrophotometrically in soluble fractions that had not been exposed to N-ethylmaleimide (16) . In order to study cystine loss, resuspended granular fractions were incubated at 370C and were periodically examined for latency, protein, and cystine content as described. Latency was defined as the percentage of intact lysosomes in a sample and was calculated as 100 -(enzyme activity + enzyme activity in the presence of 0.2% Triton X-100).
RESULTS
In order to study cell viability, cells were exposed to 30 mM solutions of CSSG, oxidized glutathione, or glutathione for 24 hr. Trypan blue studies at the end of this time showed cell viabilities that were greater than 95% for both normal and cystinotic cells. Cell'homogenates incubated with C`SSG rapidly formed [35S]cysteine. The rates of cysteine formation were similar in the cystinotic and normal cell homogenates. Incubation of cystinotic-cells in 30 mM oxidized glutathione or glutathione for 24 hr did not result in any significant changes in intracellular cystine content or cytosolic glutathione content. Cytosolic fractions from normal, heterozygous, and cystinotic cells exposed to 30 mM CSSG for 24 hr showed a 3-fold increase in.glutathione .content in all cases (P < 0.005).
Cystinotic cells depleted of 98% of their cystine with exposure to 1 mM cysteamine (17) reaccumulated 76% of their original cystine in 24 hr. However, in the presence of 30 mM CSSG, cystine reaccumulation was enhanced 3-to 4-fold in a 24-hr period. This enhancement was not affected by the presence of 50 ,uM chloroquine, although this amount of chloroquine usually inhibits the reaccumulation of cystine by about 80%.
After 24 hr in medium with 30 mM CSSG, the cystine content of normal fibroblasts increased 6.0-fold, that of heterozygous fibroblasts increased 6.9-fold, and that of cystinotic fibroblasts increased 2.8-fold. A 3-fold purification of the lysosomal enzyme /3-D-glucosaminidase was found in the crude granular fractions of these cell types after fractionation. Cystine concentrations in the cellular fractions paralleled the distribution of P-D-glucosaminidase in all three cell types. When the crude granular fractions of cells that had been incubated in CSSG were compared to those ofcontrols, the cystine in these had increased 9.2-fold, 8 .3-fold, and 2.6-fold for the normal, heterozygous, and cystinotic cell lines, respectively (Table 1) .
Normal and heterozygous fibroblasts that were exposed to 30 mM CSSG for 24 hr and then washed and placed in cystinefree, serum-free medium lost their increased cystine content by 90 min (Fig. 1) . The cystine content of these cells after 90-min incubation was equal to that ofcells not treated with CSSG. The loss ofcystine by normal cells and that by heterozygous cells did not differ significantly. Cystinotic cells treated with cysteamine and then exposed for 30 min to 30 mM CSSG had intracellular cystine concentrations (0.4-0.9 nmoVmg ofprotein) similar to those found in the loaded normal and heterozygous cells. These cells showed no significant change in cystine content for 90 min when placed in cystine-free medium. Cystinotic fibroblasts exposed to 30 mM CSSG for 24 hr had very much increased cystine levels (approximately 20 teresting. One possible conclusion is that, under normal circumstances, cystine or a metabolite of cystine rapidly exits the lysosome. Cystinotic cells may have lost the ability either to transport cystine out oftheir lysosomes or to metabolize cystine to a molecule that readily diffuses out of the lysosome. The retention of cystine by cystinotic cells appears to be a property that is independent of the intracellular-cystine level, which has ranged between 0.7 and 21 nmoVmg of protein in our experiments. The similar patterns of cystine loss by normal and heterozygous fibroblasts are consistent with the fact that heterozygous fibroblasts cannot be distinguished from normal fibroblasts on the basis of cystine content (2) . The cystine content ofheterozygous leukocytes, on the other hand, is 4-5 times greater than that ofnormal leukocytes (2). Steinherzet al. (19) have used cystine dimethyl ester to load human leukocytes with cystine. The patterns of cystine loss by normal and cystinotic cells were similar to those reported here. However, the rate ofcystine loss by heterozygous leukocytes was intermediate between that of the normal and cystinotic leukocytes. Heterozygous fibroblasts seem to differ from heterozygous leukocytes not only in cystine content but also in the response to cystine loading.
Examination by Steinherz et al. (20) of isolated leukocyte lysosomes loaded with cystine dimethyl ester yielded results similar to those reported here. In this preliminary work, cystine efflux was very prolonged compared to the efflux ofother amino acids and did not differ between normal and-cystinotic leukocyte lysosomes. More recent work with isolated lysosomes from cells treated with cystine dimethyl ester has shown decreased efflux of cystine from cystinotic lysosomes as compared to normal lysosomes. This work has been performed in leukocytes (21) and, in our laboratory, in fibroblasts. The reason for the difference between CSSG-and cystine dimethyl ester-loaded lysosomes is not clear at this time. One problem with using cystine dimethyl ester is that methanol is released during its hydrolysis. On the other hand, it is difficult, using CSSG, to load normal fibroblasts with as much cystine as is usually seen in cultured cystinotic fibroblasts. Further studies are required to examine the loss ofcystine by normal lysosomes before a definitive statement can be made about a possible transport defect in cystinosis.
